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Summary 

Light weight and potential high temperature capabil i ty of internetall ic 
compounds, such as the aluminides, and structural ceramics, such as the 
carbides and nitrides, make these materials attractive for gas turbine 
engine applications. In terms of specific fuel consumption and specific 
thrust, revolutionary improvements over current technology are being sought 
by realizing the potential of these materials through their use as matrices 
U b i #  strength, high temperature fibers. The Unirsa Stat;s 

2 along with other countries throughout the world have major researcn and 
,A development programs undervay to characterize these composite material 5 ;  

improve their reliability; identify and develop new processing techniques. 
new matrix compositions, and new fiber compositions; and to predict their 
life and failure mechanisms under engine operating conditions. This paper 
summarizes the status of NASA's Advanced High Tcmperature Engine Materials 
Technology Program (HITEMP) and describes the potential benefits to be 
gained in 21st century transport aircraft by utilizing intermetallic and 
ceramic matrix composite materials. 



I n t r o d u c t i o n  

The U . S .  ae rospace  i n d u s t r y  i s  one o f  t h e  f e w  i n d u s t r i e s  t h a t  has an 
acknowledged s u p e r i o r i t y  o v e r  i t s  f o r e i g n  ccmpe t i  tors b o t h  i n  t h e  commer- 
c i a l  m a r k e t  and as a m a j o r  p a r t  o f  o u r  de fense  i n d u s t r y .  The a i r c r a f t  
i n d u s t r y ,  i n c l u d i n g  t h e  eng ine  i n d u s t r y  has been a n e t  e x p o r t e r ,  c o n t r i b u t -  
i n g  p o s i t i v e l y  t o  t h e  b a l a n c e  o f  payments o f  t h e  U n i t e d  S t a t e s .  However, 
i n  r e c e n t  y e a r s ,  t h e  U n i t e d  S t a t e s '  p o r t i o n  o f  t h i s  i n d u s t r y  has been 
e roded  due t o  European a c t i v i t i e s  i n  t h i s  a rena .  

As we look t o  t h e  f u t u r e ,  Japan looms on  t h e  h o r i z o n  as a n o t h e r  m a j o r  com- 
p e t i t o r .  T h e i r  p o s i t i o n  has been s t r e n g t h e n e d  i n  t h e  n e a r  t e r m  by t h e  
agreement  t h e y  have r e a c h e d  w i t h  t h e  U n i t e d  S t a t e s  to  p roduce  t h e  FSX 
f i g h t e r  a i r c r a f t .  B u t ,  o f  g r e a t e r  conce rn  t o  r e s e a r c h e r s  i n  t h e  advanced 
i n t e r m e t a l l i c / c e r a m i c  m a t r i x  compos i tes  a r e a  i s  t h e  commitment o f  t h e  Japa- 
nese t o  h i g h  t e m p e r a t u r e  c o m p o s i t e s .  A l r e a d y ,  t h e y  a r e  t h e  l e a d i n g  p roduc -  
e r s  o f  c e r a m i c  f i b e r s  on  a commerc ia l  b a s i s .  In a d d i t i o n ,  t h e y  have 
l o n g - t e r m  programs underway i n  b o t h  i n t e r m e t a l l i c s  and ce ramic  base compos- 
i t e s  t o  a c h i e v e  t h e  g o a l s  t h a t  we see n e c e s j a r y  f o r  a i r c r a f t  e n g i n e s  of 
t h e  2 1 s t  c e n t u r y .  W i t h  t h e  change i n  emphasis by  U . S .  companies t o  u n i t e  
w i t h  European and Japanese companies t o  coproduce a i r c r a f t  e n g i n e s  and a i r -  
f r a m e s ,  t h i s  i n t e r n a t i o n a l  c o n f e r e n c e  on "Advanced M e t a l  & Ceramic M a t r i x  
Composi t e s "  i s  v e r y  t i m e l y .  

H i s t o r i c a l l y ,  n i c k e l - b a s e  s u p e r a l l o y s  have paced t h e  o p e r a t i n g  t e m p e r a t u r e  
o f  h i g h - e f f i c i e n c y ,  gas t u r b i n e  eng ines  for c i v i l  t r a n s p o r t  a i r c r a f t  and 
for  h i g h - p e r f o r m a n c e ,  m i l i t a r y  a i r c r a f t .  E v o l u t i o n a r y  i n c r e a s e s  i n  use 
t e m p e r a t u r e  o f  s u p e r a l  loys have been a c h i e v e d  by s u d L d w e h p m & n L s  as 
improved  m e l t i n g  and p r o c e s s i n g  t e c h n i q u e s ,  d i r e c t i o n a l  s o l i d i f i c a t i o n ,  
s i n g l e  c r y s t a l s ,  and c o m p o s i t i o n  o p t i m i z a t i o n .  I t  i s  becoming a p p a r e n t ,  
however ,  t h a t  t h e  g a i n s  i n  use t e m p e r a t u r e  from s u p e r a l l o y  t e c h n o l o g y  a r e  
r e a c h i n g  a l i m i t ,  and t o  a c h i e v e  f u t u r e  advances i n  eng ine  e f f i c i e n c y  and 
pe r fo rmance  t h e r e  must be a change t o  new t y p e s  o f  m a t e r i a l s .  

Two t y p e s  o f  m a t e r i a l s  h o l d  p r o m i s e  t o  n o t  o n l y  i n c r e a s e  t h e  use tempera-  
t u r e  of gas t u r b i n e  e n g i n e s ,  b u t  a l s o  h o l d  t h e  p o t e n t i a l  t o  make r e v o l u -  
t i o n a r y  g a i n s  i n  e f f i c i e n c y  and pe r fo rmance  because o f  t h e i r  l i g h t  w e i g h t .  
These m a t e r i a l s  a r e  i n t e r m e t a l l i c  compounds and s t r u c t u r a l  c e r a m i c s .  
S p e c i f i c a l l y ,  emphasis t o d a y  i s  p r i m a r i l y  on  t h e  a l u m i n i d e s  and s i l i c o n  
c a r b i d e  and s i l i c o n  n i t r i d e  a i  m a t r i c e s  fo r  advanced h i g h  t e m p e r a t u r e  com- 
p o s i t e s .  Such e f f o r t s  a s  t h e  j o i n t  NASA-DO0 N a t i o n a l  Aerospace P l a n e  
( N A S P )  prog ram,  t h e  DOD-NASA I n t e S r a r e d  H i g n  Perforrnanca T d r b i n e  Eng ine  
Techno logy  (IHPTET) program, and N A S A ' s  Advanced H i g h  Temperature Eng ine  
M a t e r i a l s  Techno logy  Program ( H I T E M P )  p r o v i d e  impe tus  f o r  t h e  u n d e r s t a n d -  
i n g  and deve lopmen t  o f  t h e s e  compos i te  m a t e r i a l s .  T h i s  paper  w i l l  summa- 
r i z e  t h e  e f f o r t s  t o  d a t e  under  HITEMP tdhich has as i t s  c b j e c t i v e  to  
g e n e r a t e  t e c h n o l o g y  f o r  r e v o l u t i o n a r y  advances i n  compos i te  m a t e r i a l s  and 
s t r u c t u r a l  a n a l y s i s  methods t o  e n a b l e  t h e  development  o f  2 1 s t  c e n t u r y  p r o -  
p u l s i o n  sys tems .  Research i s  f o c u s e d  on a c h i e v i n g  i n c r e a s e d  f u e l  economy, 
improved  r e l i a b i l i t y ,  ex tended  l i f e ,  and r e a s o n a b l e  c o s t s .  

M a t e r i a l  Requi rements f o r  F u t u r e  Enqines 

NASA Lewis Research C e n t e r  i s  s p o n s o r i n g  s e v e r a l  s t u d i e s  t o  q u a n t i f y  t h e  
p a y o f f s  and b e n e f i t s ,  and t o  e s t a b l i s h  t r a d e  o f f  s e n s i t i v i t i e s  i n  f u t u r e  
e n g i n e s ,  i f  t h e  p o t e n t i a l  o f  i n t e r m e t a l l i c  m a t r i x  compos i tes  (IMCs) and 
c e r a m i c  m a t r i x  compos i tes  (CMCs)  can be r e a l i z e d .  D e t a i l s  o f  t h e  c y c l e s  
s t u d i e d  and e n g i n e  c o n f i g u r a t i o n s  were p r e s e n t e d  a t  t h e  1 s t  Annual  HITEMP 
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Review held on November 9-10, 1988 (1). One of these studies, undertaken 
by GE Aircraft Engines Co. ( 2 ) ,  focuses on ultra high bypass engines (UBE) 
that are targeted for 747 type aircraft with a year 2015 Initial Opera- 
tional Capabilities (IOC). Figure 1 shows the proposed use of advanced 
composites in this type of engine. It is evident that the compressor and 
turbine consist primarily of IMCs and CMCs along with metal matrix compos- 
ites (MMCs) to be used i n  the low pressure (LP) shaft. The use of these 
materials will dictate new design approaches and new manufacturing 
techniques. 
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PMC, MMC, IMC, & CMC = Polymeric, Metal, Intermetallic, and Ceramic Matrix 
Composites, respectively. HPC = High Pressure Compressor, LP = Low Pres- 
sure, HPT = High Pressure Turbine, IPT = Intermediate Pressure Turbine 

FIGURE 1. - ADVANCED MATERIALS APPLICATIONS FOR AN ULTRA HIGH BYPASS ENGINE. 

Generalized materials properties for the turbine and shaft are shown in 
Figure 2 .  Current projected properties of CMCs look promising for the tur- 
bine, but to achieve maximum payoff f;om these materials, even higher Goals 
are desirable. For the shaft, it will probably be necessary to employ inore 
than one material in the LP drive shaft, steel to withstand high soline 
crushing stresses and an IMC to give the good strength/density characteris- 
tics needed for this high speed rotating component. Other components face 
similar material properties challenges. These two examples help to point 
out the complexity involved in using composites where two dissimilar mate- 
rials may be used in the shaft with the accompanying problems of joining 
for high temperature service. 
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FIGURE 2. - GENERALIZED TURBINE AND SHAFT MATERIALS PROPERTIES FOR ADVANCED ULTRA HIGH BYPASS 
ENGINE. 

A second study has been undertaken by Pratt & Whitney Engine Co. ( 3 )  to 
determine the materials properties required in high speed civil transport 
(HSCT)  engines where a speed of Mach 3 . 2  was used as the design goal. A 
cross section of a preliminary design shown in Figure 3, indicates the 
need of IMCs and CMCs throughout the engine. Titanium and iron aluminides 
are called out specifically. However, as stress requirements are firmed 
up and temperatures finalized, the composite matrices may change. 

~ 

CERAMIC MATRIX 

.. 

(Fe-Co-V) 
BEARINGS AND 
GENERATOR 

FIGURE 3. - ADVANCED MATERIALS 
C I V I L  TRANSPORT ENGINE. 

TECHNOLOGY FOR THE HIGH SPEED 

Some of the design concepts and fiber architecture for the fan rotor and 
the compressor rotor are illustrated in Figure 4. Again, joining and manu- 
facturing technologies must be addressed in future efforts. 
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( a )  FAN. ( b) COMPRESSOR. 
FIGURE 4. - PRELIMINARY IMC FAN ROTOR AND COMPRESSOR ROTOR CONSTRUCTION FOR A HSCT ENGINE. 

IMCs - Progress/Problems/Opportunities 

Intermetallic matrix composites are currently of extreme interest for 
future high temperature, high efficiency, high performance gas turbine 
engines for both civil and military applications. Some of the composites 
under consideration by the aerospace community with the advantages and dis- 
advantages f o r  those materials are summarized in Table I. 

TABLE I .  - SUMMARY OF INTERMETALLIC MATRIX 

COMPOSITES UNDER CONSIDERATION 

M a t r i c e s  I FeA l  , T i 3 A 1 ,  T I A !  , N i 3 A 1 ,  N i A l ,  %b3,Al, N b A l 3  I 

D i s a d v a n t a g e s  CTE m i s m a t c h .  che rn i ca l  c o m p a t i b i l i t y ,  
f a b r i c a t i c n ,  j o i n i n g  I 

By going the composite route, the low density of the intermetallic com- 
pounds can be utilized to good advantage and if low density, high strength 
fibers are available, the low strength of intermetallic matrices becomes 
less of an issue. Thus, the matrix can be cptimized for other properties, 
most importantly ductility, oxidation resistance, and density. The influ- 
ence of the fiber on strength properties cf a composite has been discussed 
by McDanels and Stephens (4) for the use of S i c  in aluminide matrices where 
the predicted strength-to-density for Sic reinforced aluminide composites 
was shown to be essentially independent of matrix strength. An example of 
experimental results of this concept is illustrated by the results of Brin- 
dley (5). The tensile behavior is shown in Figure 5 to achieve predicted 
rule of mixture behavior. And on a density corrected basis, the composite 
i s  shown t o  have superior tensile properties compared to wrought nickel 
base and cobalt base alloys and a single crystal superalloy, NASAIR 100. 
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( a )  PREDICTED PROPERTIES. ( b )  COMPARISON WITH SUPERALLOYS. 

FIGURE 5.  - TENSILE PROPERTIES OF A S i C / T i j A I + N b  COMPOSITE. 

One of the major problems facing the successful development o f  IMCs is the 
compatibility betheen fiber and matrix both from d chemical viewpoint and 
the mismatch in coefficient o f  thermal expansion (CTE). An example o f  the 
extreme complexity of fiber matrix interaction is shown schematically in 
Figure 6 for a SCS-6 fiber in a Ti3Al+Nb matrix. 
layer carbon zone on the surface which further contributes to the chemical 
reactions in this system. Thermal cycling can lead to the development of 
microcracking as illustrated in Fiqure 7 .  

The Sic fiber has a two- 

C-RICH COATING: r\DEPLETED ZONE 

ZONE 1 Nb-BEARING TIC CUBIC 1.5 I l M  WIDE 

ZONE 2 Nb-BEARING T iTA IC  CUBIC 1.8 l l M  WIDE 

BOTH ZONES ( T i . N b ) 5 S 1 3  

FIGURE 6 .  - FIBER-MATRIX REACTION ZONES. FIGURE 7. - THERllAL CYCLE INDUCED CRACKS. 

These problems associated with the IMCs provide challenges and opportunities 
for materials and structures researchers. To overcome the compatibility 
problems of the fibers and matrices in IMCs a thermodynamic screening study 
following the methodology shown in Figure 8 is underway. In addition, the 
kinetics of the various reaction types is under investigation to help fur- 
ther in the identification of fibers for the intermetallic matrices. 
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ELEMENT OF THE INTERMETALLIC MATRIX? 
EX: 4Fe + 8°C = 4FeB + C 

6Fe + 4AI + 32r0, = 2Ab0, + J F e d r  -=I 
1 No 

OISSOLUTION OF ELEMENTS OF THE REINFORCEMENT 
MATERIAL I N  THE MATRIX 

ARE THE CALCULATE0 M I N I M  
DYNAMIC ACTIVITIES OF ELEMENTS OF THE REINFORCEMENT 

MATERIAL I N  THE MATRIX GREATER THAN 10-3? 

FIGURE 8 .  - METHODOLOGY OF CALCULATIONS TO DETERMINE THE COM- 
P A T I B I L I T Y  OF REINFORCEMENTS I N  A MATRIX. 

A n a l y t i c a l  m o d e l i n g  i s  underway Ghosn and L e r c h  .(6) t o  a d d r e s s  t h e  i i b e r -  
ma t r i x  CTE m ismatch .  The i m p o r t a n c e  of f i b e r s  w i l l  be d i s c u s s e d  f u r t h e r  
under  t h e  f i b e r  s e c t i o n .  

CMCs - Proqress/Problems/ODportunities 

The s t r u c t u r a l  and e n v i r o n m e n t a l  r e q u i r e m e n t s  f o r  gas t u r b i n e  e n g i n e  compo- 
n e n t s  a r e  mos t  demanding i n  a p p l i c a t i o n s  i n v o l v i n g  human t r a n s p o r t .  T h i s  
n e c e s s i t a t e s  a v e r y  h i g h l y  r e l i a b l e  ce ramic  m a t e r i a l  w h i c h  has s e r v e d  as a 
s t r o n g  d r i v e r  for  t h e  s h i f t  i n  c u r r e n t  ce ramic  r e s e a r c h  from m o n o l i t h i c  
m a t e r i a l s  t o  CMCs t h a t  a r e  p r i m a r i l y  r e i n f o r c e d  by  l o n g ,  h i g h - p e r f o r m a n c e  
c e r a m i c  f i b e r s .  Research a t  NASA Lew is  Research C e n t e r  as d e s c r i b e d  b y  
D i C a r l o  (7) has f o c u s e d  o n  CMCs w i t h  improved  s t r e n g t h ,  r e d u c e d  f l a w  s e n s i -  
t i v i t y  ( i m p r o v e d  f r a c t u r e  t o u g h n e s s ) ,  t h e  a b i l i t y  t o  w i t h s t a n d  s t r e s s  o v e r -  
l o a d s  ( i . e . .  f a i l  i n  a n o n c a t a s t r o p h i c  manner ) ,  and good p r o p e r t y  r e t e n t i o n  
under  s e r v i c e  c o n d i t i o n s .  

C o n t i n u o u s  f i b e r  r e i n f o r c e d  ce ramic  m a t r i x  compos i tes  (FRCMCs) can p e r m i t  
l o a d  t r a n s f e r  from t h e  m a t r i x  t o  t h e  f i b e r  and i f  t h e  f i b e r  has a h i g h e r  
modulus t h a n  t h e  m a t r i x ,  t h e n  t h e  i n i t i a l  modulus o f  t h e  CMC w i l l  be g r e a t e r  
t h a n  t h e  m o n o l i t h i c  m a t r i x .  A more i m p o r t a n t  e f f e c t  o f  h igh -modu lus  f i b -  
e r s ,  i n  a d d i t i o n  t o  t h e  g a i n  i n  s t i f f n e s s ,  i s  t h e  added e f f e c t  o f  p r o d u c i n g  
m a t r i x  f r a c t u r e  a t  a g r e a t e r  s t r e s s  t h a n  t h a t  o b s e r v e d  i n  t h e  m o n o l i t h i c  
m a t e r i a l .  I n t e r f a c i a l  f i b e r - m a t r i x  b o n d i n g  i s  one o f  t h e  key p a r a m e t e r s  
under  i n v e s t i g a t i o n .  FRCMCs can d e v e l o p  s t r o n g  bonds d u r i n g  i n i t i a l  con- 
s o l i d a t i o n  or d u r i n g  h i g h  t e m p e r a t u r e  s e r v i c e .  
s t r e s s ,  t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  on  a f i b e r  a t  t h e  t i p  o f  a p ropa-  
g a t i n g  m a t r i x  c r a c k  u s u a l l y  i s  h i g h  enough t o  f r a c t u r e  t h e  f i b e r .  T h i s  
r e s u l t s  i n  a s t r o n g  m a t e r i a l  f a i l i n g  i n  a b r i t t l e  manner. I f  weak i n t e r f a -  
c i a l  b o n d i n g  i s  a c h i e v e d ,  however ,  f i b e r - m a t r i x  d e b o n d i n g  o c c u r s  a t  t h e  
m a t r i x  c r a c k  t i p  and m a t r i x  c r a c k s  p r o p a g a t e  a round  r a t h e r  t h a n  t h r o u g h  
t h e  f i b e r .  The i d e a l  bond w i l l  p e r m i t  t h e  f i b e r s  t o  b r i d g e  m a t r i x  macro- 
c r a c k s  and t h e  FRCMC w i l l  e l o n g a t e  r a t h e r  t h a n  f a i l .  F i g u r e  9 shows an 
i d e a l i z e d  s t r e s s - s t r a i n  c u r v e  for f i b e r - m a t r i x  b o n d i n g  i n  a FRCMC. A c t u a l  

Under  an a p p l i e d  or  r e s i d u a l  
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data for silicon carbide reinforced reaction bonded silicon nitride ( R B S N ) ,  
Bhatt ( 8 )  are shown in Figure 10. The composite fails in a noncatastrophic 
manner and has matrix cracking strength and ultimate failure strain signif- 
icantly higher than monolithic RBSN. 

In addition, the effects of cross plying on the CMC are illustrated. Fur- 
ther results on the SiC/RBSN composites with properly designed interfaces 
withstand large transverse notches with little or no loss in strength and 
show no loss in tensile strength after thermal shock conditions that would 
seriously degrade the strength of monolithic RSSN. 

I 
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I CERAMIC 
I c = FRCMC 
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FIGURE 9. - GRACEFUL FAILURE I N  CMCS 
( I D E A L I Z E D ) .  
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Advanced Fibers Hold the Key to Hiqh Temperature Composites 

Based on the previous discussions, it is evident that fibers must be deve- 
loped that can meet the high-temperature goals of advanced IMCs and CMCs 
for future aircraft engine applications. Table I1 summarizes some of the 
ideal property requirements that are desirable for the composites. 

T A B L E  I i .  - I D E A L I Z E D  ? q G P E a T ! E S  OF F I G E a S  i9R 
IMC AND CMC M A T i l l C E S  

C o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  m a t c h i n g  m a t r i x  
Low d e n s i t y  
H i g h  modu lus  o f  e l a s t i c i t y  
H i g h  me1 t i n g  t e m p e r a t u r e  
H i g h  t e m p e r a t u r e  s t r e n g t h  
C h e m i c a l l y  c o m p a t i b l e  w i t h  p o t e n t i a l  m a t r i c e s  
Good o x i d a t i o n  r e s i s t a n c e  
Good h a n d l e a b i l i t y - s p o o l a b l e  
C a p a b l e  o f  mass p r o d u c t i o n  

In addition, it is currently thought that the fiber diameter for IMCs 
should be in the range of 75 to 350 pm, while for CMCs, small diameter 
fibers - near 10 pin, are thought to be desirable. However, more analytical 
modeling and verification testing is needed in this area before optimum 
fiber diameters and cross-sectional shapes (round, elliptical, irregular, 
etc.) can be specified. 
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A l l  o f  t h e s e  i d e a l i z e d  p r o p e r t i e s  a r e  n o t  a v a i l a b l e  i n  t h e  c u r r e n t ,  l i m i t e d  
number o f  f i b e r s  a v a i l a b l e  f o r  t h e  m a t r i c e s  of i n t e r e s t .  As an a l t e r n a t i v e  
r o u t e ,  emphasis i s  b e i n g  p l a c e d  on  a c h i e v i n g  d e s i r e d  mechan ica l  p r o p e r t i e s  
i n  t h e  f i b e r  and t u r n i n g  to  an i n t e r m e d i a t e  l a y e r  between t h e  f i b e r  and 
m a t r i x  t o  a c c o u n t  f o r  l a c k  o f  chemica l  c o m p a t i b i l i t y ,  mismatch i n  c o e f f i -  
c i e n t  o f  t h e r m a l  e x p a n s i o n s ,  and improper  b o n d i n g .  

NASA i s  p r o p o s i n g  t o  spear  head an e f fo r t  t o  deve loped  advanced f i b e r s  t h a t  
more c l o s e l y  meet t h e  p r o p e r t i e s  l i s t e d  i n  Tab le  11. T h i s  p roposed  5 y e a r  
e f f o r t  w i l l  emphasize f i b e r  s c r e e n i n g  for CTE and chemica l  c o m p a t i b i l i t y ,  
f u n d a m e n t a l s  o f  f i b e r  p r o c e s s i n g ,  f i b e r  c h a r a c t e r i z a t i o n  and e v a l u a t i o n ,  
and f i b e r  p r o d u c t i o n  f e a s i b i l i t y  f o l l o w e d  by t r a n s f e r  o f  t h e  t e c h n o l o g y  t o  
i n d u s t r y .  

C o n c l u d i n g  Remarks 

The a i r c r a f t  e n g i n e  i n d u s t r y  i s  f a c i n g  a h i g h l y  c o m p e t i t i v e  f u t u r e  as we 
approach  t h e  2 1 s t  c e n t u r y .  M a t e r i a l s  development  h o l d s  t h e  k e y  f o r  t h e  
U . S .  t o  m a i n t a i n  or  even i n c r e a s e  i t s  share o f  t h e  w o r l d  e n g i n e  m a r k e t .  
One o f  t h e  m a j o r  c o n t r i b u t o r s  t o  t h i s  goa l  i s  t h e  development  o f  advanced 
i n t e r m e t a l l i c  and ce ramic  m a t r i x  compos i tes  for eng ines  t h a t  w i l l  be used 
as t h e  p r o p u l s i o n  systems for subson ic  as w e l l  as h i g h  speed a i r c r a f t .  
F o r  t h e  m a t e r i a l s  e n g i n e e r s ,  s t r u c t u r a l  a n a l y s t s ,  and d e s i g n e r s ,  t remen-  
dous c h a l l e n g e s  and o p p o r t u n i t i e s  s h o u l d  make t h e  n e x t  decade an e x c i t i n g  
t i m e  t o  be i n v o l v e d  i n  t h i s  r e s e a r c h  and development  f i e l d .  
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